Antiferromagnetic Order in MnO Spherical Nanoparticles 
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We have performed unpolarized and polarized neutron diffraction experiments on monodisperse 
8 nm and 13 nm antiferromagnetic MnO nanoparticles. For the 8 nm sample, the antiferromagnetic 
transition temperature Tjv (114 K) is suppressed compared to the bulk material (119 K) while for 
the 13 nm sample Tjv (120 K) is comparable to the bulk. The neutron diffraction data of the 
nanoparticles is well described using the bulk MnO magnetic structure but with a substantially 
reduced average magnetic moment of 4.2±0.3 /jb/Mu for the 8 nm sample and 3.9±0.2 /xs/Mn for 
the 13 nm sample. An analysis of the polarized neutron data on both samples shows that in an 
individual MnO nanoparticle about 80% of Mn ions order. These results can be explained by a 
structure in which the monodisperse nanoparticles studied here have a core that behaves similar to 
the bulk with a surface layer which does not contribute significantly to the magnetic order. 

PACS numbers; 75.30.-m, 61.05.F-, 61.46.Df 



I. INTRODUCTION 



The fundamental magnetic behavior at the nanoscale 
has attracted considerable attention due to potential 
technological applications such as magnetic data storage^ 
and energy storage lithium ion batteries.^ Because of 
the finite size of nanoscale magnetic materials, the large 
surface-to-core ratio becomes significant and, in some 
cases, explains the fascinating nanoscale behavior. The 
number of nearest neighbors for an atom at the surface is 
significantly reduced compared to the bulk with the con- 
sequence that the magnetic exchange is lessened. Con- 
sequently, the magnetization and the transition temper- 
ature to magnetic order may be substantially reduced 
when compared to the bulk. Theoretical calculations 
have predicted this behavior. '^"^ Experimentally, this be- 
havior has been observed in both 3d metals^ and ox- 
ide samples such as MnO^'^ and NiO.^ In contrast, an 
increase has been observed in the magnetic ordering 
temperature and magnetic moment in several nanoscale 
materials. For example, in some nanoscale Sd metals, 
the moment is enhanced as a result of band narrowing at 
the surface resulting from the reduced coordination num- 
ber. This behavior has been observed experimentally 
in iron, cobalt and nickel clusters^*^ and has been sup- 
ported by theoretical calculations.^^ On the other hand, 
in ionic oxide compounds, due to the relatively localized 
electronic distribution the moment is less affected by the 
surface and surface disorder results in a reduced average 
moment.^'' A reduced moment and enhanced transition 
temperature have been observed in MnO particles^^"^^ 
and in the spinel ferrites Ni(Mn)Fe204.^^ In either case, 
the origin of the moment and ordering temperature en- 
hancement or reduction is unclear and, consequently, fur- 



ther study of magnetic nanoparticles is important. 

The classic antiferromagnetic (AFM) oxide compound 
MnO is a good candidate for studying finite size effects 
due to its relatively simple structure and well-studied 
bulk properties. Bulk MnO shows an AFM transition at 
Tn « 118 K-120 K^^^^i that occurs concomitantly with 
a rhombohedral structural distortion from the high tem- 
perature NaCl structure. Previous studies have shown 
that the antiferromagnetic order and structural transi- 
tion of MnO survive into the nanoscale regime. "'^^ The 
nature of the effect and its root cause remain unre- 
solved because in some studies an enhanced Tjv has been 
observed for confinement particles^^'^'^'^^ and core-shell 
particles"'^^'"'^^ while a suppressed Tjv is reported in so- 
called ultrafine particles.^'* In another example of MnO 
nanoparticles, only short range AFM order is reported.^"* 
The degree to which this difference in behavior is related 
to the magnetic domain size or to the surface preparation 
remains unclear. Hence, studies that compare multiple 
sizes of nanoscale MnO with similar surface preparations 
can shed light on the intrinsic magnetic behavior that 
results from size confinement. 

In this paper we report neutron diffraction measure- 
ments on two different sizes (8 nm and 13 nm) of 
monodisperse spherical MnO nanoparticles. The 8 (13) 
nm sample is denoted as sample A (B) in the following 
discussion. Our results show that in sample A the AFM 
transition temperature T/v is suppressed while in sample 
B, Tjv is almost the same as bulk MnO. The Mn magnetic 
moment is similar in both samples and is about 80% of 
the bulk value of 4.89 /is/Mn.^^ From polarized neutron 
diffraction data we estimate that the surface to total ra- 
tio is about 20 % which appears to explain the reduction 
in the moment. 
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II. EXPERIMENTAL DETAILS 

Monodisperse MnO nanoparticles were synthesized 
through a modification of non-injection synthetic 
schemes. An important aspect of the synthesis process 
is the attachment of capping Ugands which provides size 
control, minimizes intcrparticlc interactions, and passi- 
vates the surface. To minimize difficulties associated with 
the large incoherent neutron scattering cross-section of 
hydrogen, deuterated capping ligands were used. Ap- 
proximately 10 batches for each sample size were com- 
bined to produce samples large enough for ncnitron scat- 
tering experiments(^ 0.5 g each). Two distinct sizes were 
studied, an 8 nm sample (Sample A) and a 13 nm (sample 
B). These particle sizes arc determined from transmis- 
sion electron microscopy (TEM) of ~50-100 particles per 
sample. As will be discussed further below, a limitation 
of TEM is the low number of particles sampled, how- 
ever despite this limitation the TEM can provide some 
information concerning the polydispersity of the samples 
studied here. The TEM results on sample A give a par- 
ticle size of 7.9 ±1.6 nm (ref. 25) and for sample B give 
a particle size of 13 ± 2 nm (see insets Fig. 3(a) and 
(b)). The shape of nanoparticle samples is an impor- 
tant consideration. Aside from the difficulty in forming 
anisotropic particles of MnO using our methods, there 
are two primary lines of evidence for the production of 
spherical particles. The first comes from TEM images. 
If other shapes arc formed, projection in two dimensions 
will reveal other geometries. For example, cubic nanopar- 
ticles will occasionally (for suitable orientation) reveal 
hexagonal shapes based on the 2D projection. Addition- 
ally, if plates are formed, these are generally transparent 
in TEM imaging and this was not the case here. Fur- 
thermore, if growth occurs along a particular crystallo- 
graphic face, this will be revealed in X-ray and neutron 
diffraction patterns. Indeed, preferred growth directions 
will be associated with different peak widths for different 
reflections. In this case, no such divergence was found, 
consistent with the formation of isotropic (i.e., spherical) 
particles, in strong corroboration of our TEM results. 

X-ray diffraction with Cu Ka radiation (A=1.5406 A), 
and polarized and unpolarized neutron diffraction ex- 
periments were performed. The neutron diffraction ex- 
periments were performed on several instruments: the 
HBIA triple-axis instrument with A = 2.364 A at the 
High Flux Isotope Reactor (HFIR), Oak Ridge National 
Laboratory; the C2 diffractometer at the Canadian Neu- 
tron Beam Centre (NBC) in Chalk River, Canada, with 
neutron wavelength of A = 1.3306 A and 2.3721 A; 
the general purpose neutron polarization analysis spec- 
trometer, D7, with A = 3.073 A at the Institut Laue- 
Langevin in Grenoble, France; and the DNS polarized 
diffuse scattering instrument with A 4.74 A operated 
by the Jiilich Centre for Neutron Science (JCNS) at the 
Forschungsneutronenquelle Heinz Maier-Leibnitz (FRM 
II), TU Miinchen, Germany. 

To carefully extract the particle size as well as the 



magnetic domain size from a diffraction pattern, it is 
important to properly account for instrumental resolu- 
tion. A standard run on a mixture of NIST Si 640c and 
annealed Yttria was performed to determine the instru- 
mental resolution of C2. Similarly, a Y3Fe50i2 standard 
was used to determine the instrumental resolution of the 
D7. For HBIA the instrumental resolution was obtained 
by comparing with a Si standard and with a sample of 
bulk MnO. The particle size and magnetic domain size 
were obtained from analysis of the (1 1 1) and (1/2 1/2 
l/2)(pseudo cubic notation) peak width using the stan- 
dard Scherrer formula^^ and refinement of the diffraction 
pattern using FuUprof.^'' In particular, two methods were 
used to extract the particle size and magnetic domain size 
from the neutron diffraction data. In the first method, 
the instrumental resolution obtained as described above 
was convolved with the fitted Gaussian peak width. In 
the second method, the instrument resolution peak shape 
parameters were fixed and a peak broadening parameter, 
to account for finite size effects, was included in the Full- 
prof refinements of the data. All particle sizes determined 
from the neutron diffraction data are reported with the 
instrumental resolution taken into account. 



III. RESULTS AND ANALYSIS 

A. Sample A (8 nm) 

Fig 1(a) shows the x-ray diffraction pattern of sample 
A. The diffuse background is likely a consequence of the 
capping ligand. Analysis of the widths of the (111), (002) 
and (022) refiections using the Scherrer formula^^ yields 
particle sizes of 9.5 ± 0.2 nm, 9.7 ± 0.1 nm and 9.2 ± 
0.1 nm, similar to the values determined from transmis- 
sion electron microscopy (TEM) of 7.9 ±1.6 nm.^^ Note 
that in contrast to the TEM data, the error bars on the 
particle size determined from the x-ray data (as well as 
the neutron data discussed below) reflect a statistical er- 
ror of the mean particle size and do not provide informa- 
tion concerning the polydispersity of the samples. In Fig. 
1 (c) we present neutron diffraction data collected on the 
triple-axis instrument HBIA with A — 2.3639 A at 20 K. 
As shown in Fig. 1(b), the peak width of the nanopar- 
ticle sample is obviously broadened when compared to 
the bulk material. The particle size determined from the 
nuclear peak(accounting for instrumental resolution) is 
9.9 ± 0.5 nm in good agreement with the x-ray values. 
Here we note that the amount of material used differs 
significantly for the different techniques. TEM measure- 
ments sample the fewest particles (^ 50-100 particles) 
followed by x-ray diffraction (~ 50 mg) and, finally, neu- 
tron diffraction (~ 0.5 g). Given this, we use the neutron 
derived values of the particle size as being most represen- 
tative of the samples measured. In a similar fashion, the 
effective magnetic domain size can be determined from 
the width of the magnetic Bragg peaks. In sample A at 
20 K this analysis yields a magnetic domain size of 9.2 ± 
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FIG. 1: (Color online) (a) x-ray diffraction pattern of MnO 
nanoparticle sample A. (b) The temperature dependence of 
the (1/2 1/2 1/2) magnetic Bragg peak for sample A. The 
solid line is the scaled data for the bulk material and the hor- 
izontal bar indicates the full width at half maximum (FWHM) 
of the instrumental resolution, (c) Neutron diffraction data 
for sample A at 20 K. The data were collected on HBIA. The 
broad hump between 30 to 40 degrees is likely the contribu- 
tion from the capping ligand and/or residual solvent. This 
hump is also observed in the coherent + isotope incoherent 
scattering channel for sample B at Q 1.5 A (see Fig. 3(c)), 
indicating that this scattering is of nonmagnetic origin. The 
solid line is the result of the Rietveld refinement. The short 
vertical lines indicate the nuclear Bragg peak (upper) and 
magnetic Bragg peak (lower). 

0.4 nm. Within the experimental resolution of this mea- 
surement we are unable to determine a shift in lattice 
constant compared to the bulk, however the x-ray data 
(higher resolution) on samples from this batch indicate a 
somewhat smaller lattice constant (4.439(1) A). 

In Fig. 2, we present the temperature dependence of 
the magnetic moment for both bulk MnO and sample 
A. No significant thermal hysteresis was observed in ei- 
ther the bulk or nanoparticle material indicating that the 
samples were in thermal equilibrium. The moment was 
obtained by scaling the integrated intensities of magnetic 
and structural Bragg reflections, assuming a moment of 
4.89 /Lts/Mn^i for bulk MnO. This results in a low tem- 
perature magnetic moment for sample A of 4.07 ± 0.11 
/is/Mn at 20 K. Note that this analysis assumes the mag- 
netic structure of the nanoparticle and the bulk is the 
same aside from the magnitude of the ordered magnetic 
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FIG. 2: (Color online) The temperature dependent magnetic 
moment of the MnO bulk and nanoparticles of sample A. The 
solid lines are guides for the eye. 

moment-justification of this assumption is given below. 
From Fig. 2, we can clearly see that not only is the 
magnetic moment suppressed in the nanoparticle sample 
relative to the bulk, but that the AFM transition tem- 
perature T/v decreases from 118.7 K in bulk to 113.6 K in 
sample A. A similar suppression of Tn has been reported 
in ultrafine MnO particles with sizes in the range of ~3.7 
to ^ 5.4 nm.'''^ 

To provide further insight into the above results, mod- 
els of both the crystal and the magnetic structure were fit 
to the neutron diffraction data of sample A and a sample 
of bulk MnO at 20 K, through Rietveld refinement using 
FuUprof to determine the magnetic moment, particle size, 
and domain size. A model including the rhombohedral 
structural distortion (R 3 m)^^ was used for the refine- 
ment and the bulk diffraction pattern was used to specify 
the instrument resolution function for the sample A re- 
finement. Fitting the bulk neutron scattering data yields 
a magnetic moment of 4.8 ± 0.3 /^s/Mn, consistent with 
the previously reported value. The resulting refinement 
for sample A is indicated by the solid line in Fig. 1 (c). 
The results yield a magnetic moment of 4.2 ± 0.3 /xs/Mn, 
a particle size of 10.3 ± 0.5 nm and a magnetic domain 
size of 9.1 ± 0.7 nm, consistent with the analysis above 
using the Scherrer formula. Here we note that the mag- 
netic domain size is almost as large as the nuclear particle 
size ('-^^1.5 magnetic domains per nanoparticle), thus the 
dominant magnetic behavior appears to come from a sin- 
gle magnetic domain per nanoparticle, this point will be 
discussed further below. 



B. Sample B (13 nm) 

In Fig. 3(a) room temperature diffraction data are 
presented for sample B. Analyzing the (111) nuclear re- 
fiection yields a particle size of 13.1 ± 0.7 nm. Fig. 3(b) 
shows the diffraction pattern at 4 K. A similar analysis of 
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FIG. 3: (Color online) The observed (open circles) and cal- 
culated (solid lines) neutron diffraction data for nanoparti- 
cle sample B at room temperature (a) and 4 K (b). The 
weak peaks indicated by the star in (a) are due to a Mn02 
impurity. The data were collected on C2. The short verti- 
cal lines indicates the nuclear (upper) and magnetic (lower) 
Bragg Peak position, (c) The separated polarized neutron 
diffraction data. The intensity is presented in units of barns 
per steradian per formula unit. The data were collected on 
D7. The solid line is the sum of the coherent and isotope inco- 
herent, the solid triangle is nuclear spin incoherent scattering 
and the open circle is the magnetic scattering. The inset in 
(a) is the TEM image. The inset in (b) is the particle size 
distribution. 

the width of the magnetic peak (1/2 1/2 1/2) gives a mag- 
netic domain size of 10.0 ± 0.2 nm. Polarized neutron 
diffraction data allows for the unambiguous separation of 
the magnetic from the nonmagnetic scattering. In Fig. 
3(c) we present polarized neutron diffraction data sepa- 
rated into various components of the neutron scattering 
cross-section. Here the single peak analysis yields a mag- 
netic domain size of 9.7 ± 0.4 nm and a particle size of 
12.6 ± 0.8 nm. Thus in this case, there appears to be 
the possibility of 2 magnetic domains per nanoparticle. 

To thoroughly analyze the diffraction data, Fullprof 
was used for the refinement of the entire diffraction pat- 
tern. The solid lines in Fig. 3(a) and (b) are the results 
of the refinement. As in the bulk material, at a tempera- 
ture above the AFM transition the diffraction pattern can 
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FIG. 4: (Color online) Temperature dependence of the lat- 
tice parameter (a) magnetic moment (b) and the structure 
distortion angle, Aa (c) for sample B. The results are ob- 
tained through refinement of models of the crystal and mag- 
netic structure to the neutron scattering data from C2 as 
described in the text. The solid lines in (b) and (c) are guides 
for the eye. 

be well-described by a NaCl structure (F m 3 m) while 
below the transition temperature, a structural model in- 
cluding a rhombohedral distortion (R 3 m) best describes 
the data. 

In Fig. 4 we present the results of structural refine- 
ments as a function of temperature for sample B. The 
temperature dependent lattice parameter is shown in Fig. 
4(a); the stars are the results for the high temperature 
NaCl phase. The temperature dependence of the mag- 
netic moment is shown in Fig. 4(b). This allows us to 
extract an AFM transition temperature of 120 ± 0.3 K, 
comparable, or perhaps slightly larger than that of the 
bulk material. At 4 K the magnetic moment saturates 
at a value of 3.9 ± 0.2 /is/Mn, which is similar to the 
previous reported value for MnO nanoparticles embed- 
ded in porous glass. Fig. 4(c) shows the temperature 
dependence of the rhombohedral distortion angle, Aa. 
Aa increases with decreasing temperature saturating at 
a value of 0.44 ± 0.01°. This value is slightly smaller than 
both the nanoparticles embedded in porous glass^^ and 
the bulk^" where Aa ~ 0.6°. However, a smaller value of 
about 0.43° has also been reported in bulk.^^ The tem- 
perature dependence of the distortion angle indicates a 
structural transition temperature of 120 ± 0.3 K, which 
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FIG. 5: (Color online) (a) (1/2 1/2 1/2) magnetic peak width 
(open symbol) and the (1 1 1) nuclear peak width (solid sym- 
bol) for sample B. Inset is the (1/2 1/2 1/2) peak at different 
temperatures. The data were collected on the C2 instrument, 
(b) The temperature dependent magnetic domain size (open 
symbols) and particle size (solid symbols) for sample B. Cir- 
cles are unpolarized results from C2 and diamonds are po- 
larized results from D7. Inset is the evolution of the (1/2 
1/2 1/2) magnetic peak with temperature from the D7 po- 
larized neutron scattering data. Horizontal bars in the insets 
represent the instrumental resolution. 



IV. DISCUSSION 

The summary of the particle and magnetic parameters 
are listed in Table I. Both samples exhibit a suppressed 
magnetic moment compared to bulk MnO. This behavior 
is also observed in confinement geometry and core-shell 
MnO particles^^'^^'^"* and is believed to be the result of 
disordered spins on the surface of the nanoparticles.^^'^^ 
However, whether the actual moment for the Mn site 
is the same as in the bulk has not been directly deter- 
mined yet. To test this, polarized neutron scattering 
data which is sensitive to both the ordered and disor- 
dered moment is required. Previous polarized neutron 
scattering data on average 7 nm confinement geometry 
nanoparticles indicated that only 40% of the Mn atoms 
were ordered. However, the average magnetic moment 
is not reported. In the polarized data presented here on 
sample B at 1.5 K, from the peak-to-diffuse scattering ra- 
tio we can estimate that about 80-85% of the Mn atoms 
in a nanoparticle are magnetically ordered. Assuming the 
actual magnetic moment of Mn atoms in the nanoparticle 
is identical to the bulk value and scaling by the percent 
of the particle that actually participates in magnetically 
ordered state, the expected average moment in this sam- 
ple would be 3.9-4.1 /i^/Mn. This is consistent with the 
values of the magnetic moment derived from the neu- 
tron scattering data reported in Table I. In sample A, 
the average magnetic moment is about 85% of the bulk 
material. The polarized diffraction results collected us- 
ing DNS (not shown) show that about 75-80% Mn atoms 
order at 3 K, again, implying that the ordered moment of 
Mn site is similar to the bulk. One possible explanation 
for this observation is that the nanoparticles studied here 
contain a core which acts like bulk MnO and a shell with 
random spins. 



is the same as the obtained from the evolution of the 
magnetic order parameter. 

The temperature evolution of the (1/2 1/2 1/2) mag- 
netic Bragg peak is displayed in the insets of Fig. 5(a) 
and Fig. 5(b), respectively. In Fig. 5(a) the temperature 
dependence of the full width at half maximum (FWHM) 
of the (1/2 1/2 1/2) peak is shown for sample B. Above 
T/v, there is no obvious signal at (1/2 1/2 1/2); we include 
the (111) nuclear peak width for comparison (solid sym- 
bol) . The magnetic peak width shows a drastic change at 
T/v and becomes progressively narrower below T/v indi- 
cating that the magnetic domains emerge and grow pro- 
gressively with decreasing temperature. The tempera- 
ture dependence of the refined average domain diameter 
is shown in Fig. 5(b). For comparison, above Tjv, the 
average particle size is plotted (solid symbols). A simi- 
lar domain size is determined from the polarized neutron 
scattering data. The results obtained from both C2 (un- 
polarized) and D7 (polarized) are plotted together in Fig. 
5(b) for comparison. 



TABLE I: Summary of the particle and magnetic parameters 
obtained through x-ray, TEM and neutron scattering analysis. 
^particle and Dmag are the diameter of particles and magnetic 
domain size respectively. Error bars in the x-ray and neutron 
diffraction results represent statistical standard deviation ±a 
of the mean particle size while the TEM results represent the 
standard deviation of the size distribution. 



samples 



A 



B 



^parucie (nm) 10.3 ± 0.5 (HBIA) 14.0 ± 0.2 (C2) 
9.5 ± 0.2 (x-ray) 12.6 ± 0.8 (D7) 
7.9 ± 1.6 (TEM) 13.0 ± 2.0 (TEM) 
Dr^ag (um) 9.1 ± 0.7 (HBIA) 10.9 ± 0.1 (C2) 

9.7 ± 0.4 (D7) 
Tn (K) 113.6 ± 0.2 (HBIA) 120.2 ± 0.3 (C2) 

moment (^is/Mn) 4.2 ± 0.3 (HBIA) 3.9 ± 0.2 (C2) 

3.9 ± 0.2 (D7) 



The nature of the surface spins has been discussed fre- 
quently in the literature. In particular, magnetic sus- 
ceptibility measurements have been interpreted in terms 
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of weak ferromagnetism and related superparamagnetic 
like behavior of uncompensated surface spins. ^^^"^^ How- 
ever, the size dependence of the superparamagnetic be- 
havior appears to be inversely related to particle size in 
contrast to the direct relationship expected for a super- 
paramagnetic particle. Morales, et al."^^ have proposed 
that the Mn residing on the surface is subject to a non- 
cubic crystalline electric field and this provides an ad- 
ditional source of anisotropy effecting the superparam- 
agnetic behavior. In this lower symmetry crystal field 
environment, a low-spin configuration is energetically fa- 
vorable resulting in a moment of ~ IfiB on the surface 
Mn atoms. Unfortunately, the neutron scattering data 
here can not contribute significantly to the discussion 
concerning the nature of the surface spins. The diffuse 
magnetic scattering in the polarized neutron scattering 
data (Fig. 3(c)) shows a weak magnetic diffuse compo- 
nent that suggests the presence of disordered spins, but 
we stress though that the measurement itself provides no 
information whether or not these spins are on the sur- 
face. Moreover, if there were significant ferromagnetic 
moments we would expect depolarization of the neutron 
beam. No obvious depolarization of the neiitron beam 
was observed, but it is difficult make a quantitative es- 
timate on a limit of the a ferromagnetic moment size 
without further systematic measurements. 

A comparison of Tjv for bulk MnO to that of sample 
A (8 nm), shows that Tjv is suppressed by about 4% 
compared to the bulk value. On the other hand, sam- 
ple B (13 nm), exhibits a Tjv comparable to the bulk. 
Suppression of Tjv is also observed in ultrafine MnO 
particles^ as well as in other nanoscale AFM compounds 
such as NiO and CoO thin films,^^'^^ and NiO disc shaped 
nanoparticles.^ A mean field approach with finite size ef- 
fects for the magnetic transition has been used for the 
explanation of the suppression of Tjy. In this theory, 
the transition temperature is suppressed when the sam- 
ple size/thickness decreases to small value. For MnO a 
prism model of ultrafine particles, the calculations pre- 
dict Tjv will be suppressed at small size due to the de- 
crease of the average coupling constant which is induced 
by the decrease of coordination number on the surface.^ 
Similar arguments are likely to apply to the nanoparti- 
cles studied here and thus Tn suppression is likely due 
to decreases in the coordination number and the aver- 
age coupling constant. In sample B, Tjv remains the 
same as bulk material suggesting that size confinement 
effects in MnO nanoparticles appear at only rcilatively 
small sizes. In apparent contradiction to the preced- 
ing arguments, an enhanced Tn is reported in confined 
geometry nanoparticles. For these nanoparticle 
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systems the worm-like particle morphology^^'^"^'^'' and 
the surface interface of glass^^'"'^'^'^^ or another magnetic 
species is the likely cause of the differences in behavior 
with those studied here. As mentioned above, the co- 
ordination number on the surface affects the transition 
temperature and by adjusting the coordination number 
Tjv can be increased or decreased. 

The effect of size confinement on the order of the mag- 
netic/structural phase transition is another interesting 
issue in nanoscale MnO. It has been suggested in the con- 
fined geometry MnO nanoparticles that the AFM transi- 
tion is a continuous phase transition. -'^-'^■-'^^ In these sam- 
ples the critical exponent /3 describing the ordered mag- 
netic moment, M(T) ~ (l-T/Tjv)'^, ranges from 0.3 up 
to almost the mean field value of 0.5. These values are in 
reasonable agreement with Monte Carlo simulations for 
the finite size Ising model and Heisenberg model where (3 
is 0.3258 and 0.3616, respectively.^^ In the reduced tem- 
perature range of 1-T/Tjv= 0.02-0.5, fitting our temper- 
ature dependent moment to a power law of {1-T /Tn)^ 
yields a much smaller j3 of 0.24±0.02 for sample A and 
0.22±0.02 for sample B. This could be interpreted as 
lower dimensional critical behavior but is more likely the 
result of a discontinuous phase transition. 

In conclusion, we have studied two different sizes of 
monodisperse MnO nanoparticles using unpolarized and 
polarized neiitron diffraction. Both the magnetic and 
crystal structure are similar to the bulk, but with sub- 
stantially reduced average magnetic moment. Moreover, 
the results show that in the 8 nm sample the antiferro- 
magnetic transition temperature Tjv is suppressed while 
in the 13 nm sample, Tjv is comparable to bulk. The 
suppression of Tjv is attributed to the exchange coupling 
reduction induced by the finite size effect. The observa- 
tions presented here are consistent with the core of the 
MnO nanoparticles behaving much like the bulk with a 
disordered surface layer. 
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